Abstract: Some disulfide bonds perform important structural roles in proteins, but another group has functional roles via redox reactions. Forbidden disulfides are stressed disulfides found in recognizable protein contexts, which currently constitute more than 10% of all disulfides in the PDB. They likely have functional redox roles and constitute a major subset of all redox-active disulfides. The torsional strain of forbidden disulfides is typically higher than for structural disulfides, but not so high as to render them immediately susceptible to reduction under physionormal conditions. Previously we characterized the most abundant forbidden disulfide in the Protein Data Bank, the aCSDn: a canonical motif in which disulfide-bonded cysteine residues are positioned directly opposite each other on adjacent anti-parallel β-strands such that the backbone hydrogen-bonded moieties are directed away from each other. Here we perform a similar analysis for the aCSDh, a less common motif in which the opposed cysteine residues are backbone hydrogen bonded. Oxidation of two Cys in this context places significant strain on the protein system, with the β-chains tilting toward each other to allow disulfide formation. Only left-handed aCSDh conformations are compatible with the inherent right-handed twist of β-sheets. aCSDhs tend to be more highly strained than aCSDns, particularly when both hydrogen bonds are formed. We discuss characterized roles of aCSDh motifs in proteins of the dataset, which include catalytic disulfides in ribonucleotide reductase and ahpC peroxidase as well as a redox-active disulfide in P1 lysozyme, involved in a major conformation change. The dataset also includes many binding proteins.
Introduction
Biochemistry textbooks describe disulfides as permanent crosslinks in proteins that stabilize protein structures. Nonetheless there is a considerable body of literature that shows at least some disulfides are redox active. 1 Those that are oxidized and reduced in the active site of enzymes are best known but others
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involved in conformational changes have also been characterized. 2 The likelihood a disulfide will be reduced is a function of its physicochemical properties, which are determined by its context. Within a protein, disulfide reduction may be affected by static features-such as electrostatic environment and accessibility, as well as dynamic influences-such as conformational change and binding of ligands; external to it, the redox milieu is also important. From a computational point of view, the influence of static features of the protein context is easier to assess. Torsional energy, which is an important determinant of the redox potential, can be calculated using quantum chemical techniques. 3, 4 Studies have shown that rather than forming a continuum, disulfide torsional energies tend to form a skewed bipartite distribution, heavily populated by disulfides with low torsional energies but with a peak of higher torsional energy disulfides that are likely involved in redox processes. 5 This lends some support to the concept that there are in fact two disulfide proteomes: a structurally stabilizing one and a redox-active one. 6 The disulfide-bonded cysteine (Cys) residues of a subset of these higher torsional energy disulfides occupy recognizable motifs in secondary structure. We dubbed them "forbidden disulfides" because it was originally postulated that disulfides would not form between pairs of Cys in these motifs because they were stereochemically disfavoured. 7, 8 Searches of the Protein Data Bank (PDB)
at the time supported the original conjecture. However, instances of these unusual disulfides began to appear in structures and interestingly, their prevalence in the PDB is growing. 1 It now seems likely that the unique stereochemical properties of forbidden disulfides are integral to their redox activity and that crystallographers are becoming increasingly adept at coaxing proteins containing these reactive disulfides into homogeneous conformations amenable to crystallization. Previously we identified 15 major subtypes of disulfides violating all four stereochemical rules postulated by Thornton 7 including disulfides that link Cys residues in helices (α, α+3; α, α+4), along strands (β, β+2), adjacent in the polypeptide chain (i, i+1) and lastly between strands. 1, 9 The most prevalent of these seem to be the Between-Strand Disulfides (BSDs), which surprisingly now constitute over 10% of the disulfides in the PDB, making them an important subclass of protein disulfide bonds. 10, 11 BSDs connect two Cys residues located on adjacent strands of β-sheet (or β-ribbon) structures. We identified four distinct BSD types in the PDB: Cross-Strand Disulfides (CSDs), which connect Cys residues immediately opposite each other across adjacent β-strands (residues i, j); End-Twist Disulfides (ETDs), which connect Cys out of register by one residue (i, jAE1); β-Diagonal Disulfides (BDDs), connecting residues i and jAE2; and β-flip Disulfides (BFDs), connecting Cys at positions i and jAE3. 1, 9 Representatives of each of these BSD types were found in both parallel and anti-parallel β-structures. This work represents the third in a series of papers describing the stereochemical features of various BSD motifs, their impact on the surrounding β-structure and their relevance to biological processes. The first publication 10 surveyed the prevalence of various types of BSD in the PDB while the second paper characterized the most abundant subtype, described below.
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CSDs in anti-parallel β-sheet (aCSDs) are by far the most common BSD, 10, 11 exceeding in number the better studied and well known inter-helical CXXC motif (α, α+3). The backbone atoms of cross-strand pairs of residues are found in two profoundly different geometries in antiparallel β-sheet, which alternate both along the two involved strands and across the sheet, orthogonal to the strand direction in the plane of the sheet: the hydrogen-bonded (HB) and non-hydrogen-bonded (NHB) sites (Fig. S1 ). Early investigations of cross-strand partners in antiparallel β structures [12] [13] [14] [15] showed that Cys pairs are favoured across NHB sites and often form disulfide bonds (aCSDns). As the two involved Cys residues are already held in place by the hydrogen-bonding network between the strands, the presence of the disulfide in the secondary structure appears, at first, to be redundant. In contrast, Cys pairs in HB sites were found to be less common and disulfide formation was not seen. Hutchinson et al. 15 performed molecular dynamics simulations on model peptide systems containing a cystine in the HB site in order to identify why such disulfides (aCSDhs) should be disfavoured. Minimisation gave structures with highly strained disulfide conformations with average energies~40 kJ mol −1 higher than those of corresponding structures containing aCSDns. Furthermore, as the simulation progressed, the disulfide conformation relaxed, breaking the hydrogen bonding (H bonding) network and destroying the β-structure. Hence, it was believed that CSDs could not form across HB sites in antiparallel β-sheet. This view changed in the late 2000s, when Santiveri et al. 16 and Indu et al. 17 studied the effects of introducing CSDs (both aCSDns and aCSDhs) into peptide and protein systems, respectively. Their experiments on mutant systems revealed aCSDh structures could form, however the introduction of the disulfide had a neutral or destabilizing effect on the system. In contrast, aCSDns were strongly stabilizing. Furthermore, Indu et al. 17 identified five protein structures in the PDB containing a Cys pair oxidized to form a disulfide in an HB site, all of which were homologous. Based on the disulfide conformations adopted, they proposed that one of the factors disfavoring aCSDh formation is steric repulsion between the sulfur atom(s) and the carbonyl group(s) of the cross-strand hydrogen bond(s).
More recently in a survey of BSD structures in a dataset of X-ray crystal structures with resolution of 3 Å or better from PDB Archive Version 4.0 (July 2011), 10 we found 4865 instances of the more common aCSDn, comprising 254 non-homologous clusters. In contrast, there were only 114 instances of aCSDh structures, representing 20 clusters of disulfides. aCSDh disulfides were found both in the middle and at the termini of β-ladders (pairs of adjacent strands). Despite the relative rarity of aCSDhs compared to aCSDns, several aCSDhs are known to perform crucial redox roles in their resident proteins. One of these is found in ribonuclease reductase (PDB: 2r1r), where the redox-active aCSDh, connecting Cys 225 and Cys 462, is essential for DNA synthesis in all forms of life. 18 Another aCSDh is in the well-studied archetype of thiol peroxidases, bacterial alkyl hydroperoxide reductase C, ahpC (PDB: 1yex A165-B46), which protects the cell against oxidative stress by detoxifying peroxides.
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Given the proven biological importance of aCSDhs, we analyzed their properties in this third paper on BSDs. We identified disulfide conformations that allow Cys to connect across HB sites and estimated the resulting torsional strain using quantum chemical calculations. We also assessed the strain exerted by the aCSDh motif on the surrounding β-sheet, i.e., the backbone conformations enforced on the involved Cys residues, and the twisting and shearing of the sheet due to the presence of the aCSDh. One critical property identified is how deeply the aCSDh is embedded within the β-structure, which determines how easily the structure can be deformed to accommodate the presence of the disulfide and also how the overall strain might be accommodated in the system. In contrast, embeddedness was not so important for the more populous aCSDn; this is likely a result of the different physicochemical properties of these two motifs. The biological function of proteins bearing aCSDhs is also reviewed. The properties of aCSDhs will be regularly contrasted with the far more common aCSDns described in our previous work. 11 To avoid confusion between these quite similar looking terms, whenever aCSDns are mentioned the n will be bolded.
Results

aCSDh structures: sub-motifs and classes
A survey of a recent snapshot of the PDB (see Methods) found 240 examples of aCSDhs in protein structures (Fig. 1 ). These could be grouped into 37 clusters based on the involved fold. Full details of all properties we investigated for each of the aCSDh clusters found in the dataset are reported in Table I . Details of the SCOP protein folds in which the disulfides are found, their positions within the fold and the degree of conservation of the disulfide can be found for selected structures in Table II .
Some of the clusters contained members from highly divergent genes where the aCSDh is retained as a crucial part of the protein despite topological remodeling of the fold as the function of the duplicated daughter genes diverged. For example, one cluster contained structures of proteins of sialic-acid binding lectins (SIGLECs) from six different genes while another contained 12 different genes encoding the MD-2-related lipid-recognition (ML) domains. The diverse members of the ML domains, which bind lipids or glycolipids, are involved in functions ranging from chemosensing in insects to the innate immune system in higher organisms. Other clusters contained more than one aCSDh located in different parts of the protein, with examples in the angiotensinconverting enzyme (ACE) and the extracellular portion of receptor-type tyrosine-protein phosphatase C (PTPRC, CD45), a cell surface receptor required for T-cell activation. Alignments for these four folds are shown in Figure S2 .
The Cys residues in most aCSDhs are found within a single protein chain but there are a few examples of intrachain disulfides, most forming disulfide-linked homodimers. In the majority of cases, such as RalGDS, a single Cys residue from each chain forms a one-disulfide-linked homodimer. However, two Cys from each chain can also form a two-disulfide linked homodimer, with examples in ahpC (PDB: 1yex A165-B46) and in the Cel-IV C-lectin (PDB: 3alu A41-C151). There is also one example of an aCSDhlinked heterodimer between an immunoglobulin light and heavy chain IgK-IgG (PDB: 1fn4 C211-D208). These will be discussed further below.
In a previous publication, 10 we introduced the concepts of longitudinal and lateral embeddedness to describe the extent of secondary structure surrounding the BSD. Embeddedness influences the degree to which the β structure can be deformed to accommodate the presence of the disulfide and also how the overall strain might be accommodated in the system. It also partially determines the accessibility of the Table I . A Full List of Disulfide Clusters that Adopt aCSDh Motifs. In each case, a representative disulfide is given along with the number of oxidized structures and their average total torsional energy, the LonE and LatE levels observed and the disulfide conformations adopted. Also shown is an indication of whether the fold can exist without the disulfide, the Pfam family of the fold and any evidence for redox activity (either in the literature or a PDB code in which the disulfide is reduced).
Total E kJ mol Table II disulfide to reducing agents. Longitudinal embeddedness (LonE) is a measure of the degree of canonical hydrogen bonding on either side of each Cys residue within the disulfide-containing β-ladder, while lateral embeddedness (LatE) describes the presence of additional β-chains hydrogen bonded to either side of the β-ladder in which the disulfide is found. Three different levels of LonE were identified in existing aCSDh structures ( Fig. 2) : "true," where canonical H bonding is found on both sides of the two Cys C α atoms; "end,"
where it is only found on one side; and "β-bridge," when the disulfide is located within an isolated β-bridge structure such that there is H bonding only between the two involved Cys residues themselves. The definition of LonE, described in a previous publication on aCSDns, 11 is adapted slightly because of An indication is also given of the position of the disulfide within the fold and an example of a closely related structure where the BSD is not present. For structures with an immunoglobulin-like β-sandwich or closely related folds, the disulfide position is described in terms of the normal strand labeling scheme for immunoglobulin-like β-sandwiches. In all other cases, the β-strands and α-helices have been numbered from the N-to C-terminus within the relevant domain. We note in some cases this numbering scheme may be subjective.
the disulfide's location in an HB rather than a NHB site (see below). As before, we refer to a BSD sub-motif with a particular level of LonE with a prefix (e.g., true aCSDh). Three levels of LatE are distinguished: disulfides located on β-ribbon structures (β-ribbon-BSDs or in shorthand, using a dashed suffix, BSD-0s), consisting of two isolated β-strands; disulfides where one of the Cys is located on an edge strand of a β-sheet (edgeBSDs or BSD-1s) and BSDs in the middle of 4+ strand β-sheets (mid-sheet-BSDs or BSD-2s). Details of the embeddedness and the level of strain in the disulfide bonds for each cluster are shown in Table I . For aCSDns, the disulfide properties were not found to strongly depend on the degree of embeddedness. 11 For aCSDhs the situation is very different.
The two Cys in an aCSDn motif are located in an NHB site [ Fig. S1 (A)]. These sites are quite flexible, allowing in-plane puckering of the sheet. Puckering reduces the C α -C α distance across the NHB site from the canonical value in regular β-sheet of~4.5 Å 20 to~4.0 Å (the median C α -C α distance for the staple disulfide conformation that is most commonly adopted when disulfides connect adjacent β-strands
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). In an aCSDh, however, the backbone atoms form hydrogen bonds and several different variants arise based on the extent of H bonding between them. In the true-aCSDh, the Cys residues are connected by two hydrogen bonds, as typically found between residues in an HB site of canonical β-sheet, plus a disulfide linkage [ Fig. 2 (Ai)]. The average C α -C α distance across canonical HB sites is 5.3 Å. 20 However, compression of HB sites is impeded by the shared backbone hydrogen bonds, so the site cannot deform in the manner of an aCSDn across an NHB site. The two β-chains are forced to tilt toward each other in order to accommodate the disulfide. A representative ribbon structure for a true-aCSDh can be seen in Figure 3 . While the sheet itself shows no obvious buckling, the side view in Figure 3 (B) shows that the C α -C β bonds are tilted toward each other. In canonical antiparallel β-sheet, these bonds are perpendicular to the β-sheet, as is also true for most aCSDns (Fig. S3 ). Cys residue tilting puts significant strain on the backbone hydrogen bonds linking the two Cys residues in an HB site. While hydrogen bonds prefer to be linear (see Fig. S3 ), the average N-O-C angle in the trueaCSDh structures of the dataset is~40 from linearity (see Fig. 3 ). As a result of this strain, one of the hydrogen bonds connecting the two Cys is often broken in the crystal structures of the dataset. This can lead to endaCSDhs (which will be described in more detail below) or, if there is extensive H bonding between the two Hydrogen bonding diagrams for aCSDh sub-motifs depicting longitudinal embeddedness. In CSDs, a Cys residue i on one strand is disulfide linked to a Cys j on the adjacent strand, where j is the residue immediately opposite i. Classes of longitudinal embeddedness are (A) true; (B) end, and (C) β-bridge. Two classes of the true-aCSDh sub-motif are shown: i true-aCSDh, with two hydrogen bonds between the Cys residues; ii weaktrue-aCSDh, with one hydrogen bond between the Cys and one Cys relaxed to an α backbone conformation. There are also two classes of end-aCSDhs: i at the end of a β-ladder (end1); ii adjacent to an NHB site β-bridge (end2). Residues which consistently adopt a β backbone conformation are shown as blue rectangles and those which are always found in α conformation are purple ovals. Any residue which can adopt either backbone conformation is shown as a green rectangle with rounded corners. Hydrogen bonds are shown as arrows. Dashed arrows mean that the hydrogen bond may be missing in some structures. The disulfide bond is described by a red zig-zag connecting two Cys residues.
strands of the disulfide-containing β-ladder, to the class of true-aCSDhs shown in Figure 2 (Aii). In this LonE sub-motif, dubbed a "weaktrue-aCSDh," one of the bonds between the two Cys is broken, with one of the Cys being twisted into an α backbone conformation. 21 Despite the absence of one of the critical hydrogen bonds, this is still regarded as an example of a trueaCSDh sub-motif due to the presence of canonical H bonding between the two chains on both sides of the disulfide-bonded Cys residues.
Examples of true aCSDhs
There are only 12 true-aCSDh structures in the dataset (see Fig. 1 ), found in six non-homologous protein clusters (Table I) .
In three of these clusters, the aCSDh links two monomers in a protein dimer: Epstein-Barr virus (ebv) DNA polymerase accessory protein BMRF1 (Cys 206, PDB: 2z0l), celQ endoglucanase (Cys 535, PDB: 5gxy) and the RAS-interacting domain of RalGDS (Cys 16, PDB: 1lxd). In BMRF1 and RalGDS, a major feature of the interaction is the alignment of the two proteins along the outer strands of their β-sheets to form an apparent continuous β-sheet between the two monomers that may form a platform for other protein interactions, such as DNA-binding or signaling, respectively. 22, 23 In all of these true aCSDh structures, both
Cys and their four neighboring residues are found in the β region of the Ramachandran plot, 21 i.e., the dimer interface is well protected by H bonding surrounding the putative redox-active disulfide.
In the remaining three clusters, the aCSDh forms an intrachain disulfide linkage. One of these is in spermidine synthase (PDB: 3bwc, Cys 206-255). Another is in a viral hemagglutinin that engages the human ephrinB2 receptor to effect cell entry, protein G from a bat paromyoxvirus (PDB: 4uf7, Cys 378-422). This will be discussed further below, along with BMRF1, in the context of forbidden disulfides and viruses. The aCSDh stabilizes the third blade of the β-propeller and is not present in the related viral proteins NiV-or HeV-G. 24 The third example is in a lipocalin (PDB:
4a8z A 117-124), a lipid-binding protein.
Interestingly, in two structures of distinct clusters, the RalGDS dimer and spermidine synthase, one of the disulfide-forming thiols is adjacent in the polypeptide chain to another Cys in the free thiol form (see Fig. S4 ). If the disulfide isomerized, these two pairs of adjacent Cys could potentially form another forbidden disulfide motif-a vicinal motif (i, i+1).
9,25 An intramolecular vicinal disulfide could prevent the Cys from forming a sulfenic acid under oxidizing conditions. The vicinal disulfide could potentially then isomerize to form the aCSDh-linked dimer observed in the crystal. In the case of RalGDS, this was suggested to be a slow process in vitro, driving the gradual formation of crystals over a period of 6 months. 26 
Weaktrue aCSDhs
The dataset also contains 49 weaktrue-aCSDh structures found in five clusters. Several of these weaktrueaCSDhs are in the extracellular portions of cell surface receptors: the glycine receptor, IL17 receptor A, and the SIGLECs. In two of the clusters the disulfide is consistently embedded as weaktrue: the SIGLECs (e.g.. PDB: 1nko Cys 46 to Cys 106) and the glycine receptor (e.g., PDB: 5tin B 198-209), while the IL17RA structure is a singleton (PDB: 5n9b A 43-50). The SIGLECs are sialic acid-binding Ig-like lectins of the innate immune system, which are modified Vset Ig domains. They will be discussed later in the context of the immune system and a potential role for aCSDhs in ligand binding sites. In the remaining two clusters, the embeddedness is heterogeneous ie alternate structures have different embeddedness, suggesting conformation flexibility or different states of the proteins: the aCSDh of the viral BMRF1 is true in one dimer of the crystallographic unit and weaktrue in the other, possible reflecting forces related to crystal contacts. In the other example, the aCSDh in a single ML domain is weak-true, whereas all the other aCSDhs in ML domains are end-aCSDhs. Interestingly, the single weak-true example has a molecule bound in the binding pocket, which may affect the conformation of the nearby aCSDh (PDB: 3web A 6-124). The aforementioned aCSDh in BMRF1 is intermolecular while the aCSDhs of the other clusters are intramolecular. In terms of lateral embeddedness, our primary interest is in how rigidly the disulfide is constrained by the H bonding. Hence, our definitions require each adjacent strand to be hydrogen bonded to the disulfidecontaining β-ladder on both sides of the relevant Cys C α atom to be designated LatE BSD-2 or midsheet. 10 While for both the true-and weaktrue-aCSDh structures in the dataset access to both sides of the disulfide is restricted by additional β-chains, only structures with two hydrogen bonds between the Cys have sufficient H bonding with the adjacent strands to be classed as midsheet-BSDs. For the weaktrue-aCSDhs, the H bonding to one of the neighboring strands is weak, technically giving edge-of-sheet LatE contexts. LatE embeddedness could also be important for binding of protein reductants. True-aCSDns are most commonly located on the edges of β-sheets (BSD-1). 11 This makes them good candidates for being substrates of thioredoxin (Trx) and other related oxidoreductases, which are known to hydrogen bond to edge-strand disulfides in order to position them for catalytic reduction. Indeed there is anecdotal evidence that aCSDns are favored substrates of Trx. 27 We believe aCSDns may be cognate substrates of Trx, which would account for their proliferation in protein structures as there would be a positive selection effect for stable reducible disulfides in redox-controlled proteins. It should be noted that a thiol oxidoreductase optimized for attacking an aCSDn in an NHB site is unlikely to be well disposed toward an aCSDh, which is out of registration for substrate binding. However, as these disulfides are highly strained, as will be described below, aCSDhs may not require the assistance of a thiol oxidoreductase to be redox-active.
Examples of end-aCSDhs
Given the strain on the H bonding associated with an aCSDh motif, it is not surprising that end-aCSDhs [ Fig. 2(B) ], which have fewer surrounding hydrogen bonds, are far more common than "true" sub-motifs. Twenty-three non-homologous examples of end-aCSDhs (164 structures) were found in the high-resolution dataset (see Fig. 1 ). End-aCSDhs connect either the last pair of H bonding residues of a β-ladder (where these form only one hydrogen bond; Class 1) or the pair of residues forming one side of an NHB site β-bridge (Class 2); the former is much more common, being seen in over 85% of end-aCSDh structures (see Fig. 1 ). Unlike the case for aCSDns, 11 end-aCSDhs in each cluster in the dataset tend to be very homogeneous with respect to LonE i.e., whether they were true, weaktrue or end. Less than 3% of structures showed an alternate type of longitudinal embeddedness. As for end-aCSDns, Cys residues involved in end-aCSDh submotifs can adopt either α or β backbone conformations. Examples of end-aCSDhs, found at the terminus of a β-sheet (Class 1), are present in almost all members of the ML domain family, which bind various lipids. Although some ML domains have been assigned to different SCOP folds, their base fold, a modified Ig Eset, is actually quite similar (see alignment in Fig. S2 ). ML domains belong to the same Pfam family (E1_DerP2_DerF2) and are designated as a single cluster here. The aCSDh is found between strands A and G in all structures despite slight topology differences in the vicinity, likely associated with remodeling of the binding pocket. The ML domains include housedust mite allergens (e.g., PDB: 1xwv Cys 8-119) and Niemann-Pick C2 proteins from ants to mammals (e.g., PDB: 1nep Cys 8-121), as well as proteins of the innate immune system including lymphocyte antigens 86/96 (e.g., PDB: 2e56 Cys 37-148) and ganglioside M2 (GM2) activator (e.g., PDB: 1pu5 Cys 10-154).
An example of a class 2 end-aCSDh, next to an NH β-bridge, is the catalytic disulfide in the bacterial 2-Cys peroxiredoxin ahpC (PDB: 1yex, 1yf0), formed between Cys 46 of one monomer and Cys 165 of another. 28, 29 This enzyme provides protection from oxidative stress in bacteria by catalyzing the reduction of hydrogen peroxide and organic hydroperoxides to their corresponding alcohol and water. We note, however, that the end-aCSDh sub-motif is quite weak in ahpC, with the hydrogen bonds being broken in several structures. The other two well-characterized redox-active disulfides in the dataset were also of the end2-aCSDh class, with the single P1 lysozyme structure and 3 of 8 ribonucleotide reductase structures adopting this motif. The other five ribonucleotide reductase structures were end1-aCSDh. With respect to lateral embeddedness, endaCSDhs are most often found on the edges of β-sheets (> 70% of individual disulfides in the dataset), however many of these structures are redundant (i.e., in the same cluster). In stark contrast with true-aCSDhs, only 5 end-aCSDh structures were found in mid-sheet LatE contexts (3%). In terms of end-aCSDh clusters, in 11 of the 23 unique examples, the disulfides are found exclusively on the edge of a sheet and in 8, exclusively on a β-ribbon. In addition, there are four clusters where both β-ribbon and edge-of-sheet LatE contexts were seen. Interestingly, there appears to be a correlation between the end-aCSDh class and LatE. In the majority of clusters with the end-aCSDh at the "end of a β-ladder" (LonE = end1-aCSDh), it is located on the edge of the β-sheet (latE = edge), whereas the end2-aCSDh cluster disulfides tend to be on β-ribbons. In six of the 11 clusters with structures exhibiting end2 embeddedness, alternate structures of the cluster have end1-aCSDh embeddedness, suggesting these structures with relatively few hydrogen bonds may be more conformationally labile.
Several Class 2 end-aCSDhs associated with β-ribbons are known to be redox active. In addition to the ribonuclease reductase (RNR) and ahpC disulfides described earlier, the aCSDh in bacteriophage P1 lysozyme (PDB: 1xjt) is involved in a thioldisulfide isomerization reaction that activates the lysozyme. 30 In contrast with ahpC, where the aCSDh must be reduced to release the catalytic Cys, in P1 lysozyme the formation of the end-aCSDh sub-motif between Cys 13 and Cys 44 releases the catalytic Cys 51. 30 In all three characterized examples, no thiol oxidoreductase has yet been identified that mediates the reduction of the disulfide. In RNR and P1 lysozyme, the aCSDh isomerizes internally with another cysteine thiol. It is interesting to note the contrast between the levels of lateral embeddedness seen for aCSDn and aCSDh sub-motifs. True-and end-aCSDns are spread between all three possible LatE contexts 11 whereas, amongst the structures in the dataset, aCSDh submotifs appear to show a strong correlation with a particular level of lateral embeddedness: true-aCSDhs are usually found in mid-sheet LatE contexts; Class 1 end-aCSDhs are commonly on the edges of β-sheets; while Class 2 end-aCSDhs are frequently on β-ribbons. In the case of true-aCSDhs, it is likely that the presence of a mid-sheet LatE context is necessary to stabilize the highly strained true-aCSDh sub-motif and prevent the Cys-Cys hydrogen bonds from being broken.
Only one structure was found in the dataset that could be described as a β-bridge-aCSDh: an inter-chain disulfide found in a monoclonal antibody against the acetylcholine receptor (PDB: 1fn4). However, this disulfide links two C-terminal Cys residues, with the chain-terminating carboxylate anions being involved in both hydrogen bonds. As such, data from this structure may not be characteristic of the β-bridge-aCSDh sub-motif, should it exist elsewhere in nature. There were also four structures of mutated sequences where the aCSDh disulfide had been engineered into the protein for technical purposes. These will not be discussed further here.
Disulfide conformations of aCSDhs and their interactions with the protein backbone
The disulfide conformation is used as an important descriptor of protein disulfide bonds. The conformation depends on the three critical dihedral angles: Fig. S5(A) ]. The sign of the χ 3 dihedral angle gives the chirality or "handedness" of the disulfide, while χ 2 and χ 2 0 determine the conformation name, as shown in Figure S5 (B). While aCSDns have a strong preference for right-handed conformations, 11 i.e., conformations with positive χ 3 dihedral angles, aCSDhs have an equally strong preference to be left-handed (Table III) . Almost all weaktrue-and end-aCSDhs have negative values of χ 3 (left-handed). As for aCSDns, the source of this preference in disulfide chirality can be traced to the almost universal right-handed twist of antiparallel β-sheets. If a disulfide in an aCSDn motif adopts a right-handed conformation, it can be incorporated into a β-sheet without exerting any additional twisting strain on the structure. 11 Alternately, to adopt a lefthanded conformation, an aCSDn must be associated with an unfavorable negative sheet twist. Hence, 96% of aCSDns in the dataset are right-handed. In contrast, for aCSDhs it is a left-handed disulfide conformation that is most compatible with a right-handed sheet twist, while a disfavored left-handed twist is induced by the presence of a right-handed aCSDh. This can be seen in Figure 4 , which shows optimized geometries of model compounds for the aCSDh motif. The optimized structure with a left-handed disulfide [ Fig. 4(A) ] shows a twist between the two Cys residues of +26.6 [ Fig. 4  (Aiii) ]. This is in reasonable agreement with the observed value of +20 AE 10 found by Ho and Curmi 20 for HB sites in antiparallel β-ribbons where no disulfide is present (hereafter referred to as "normal" HB sites). Conversely, calculations on a right-handed aCSDh system [ Fig. 4(B) ] predict a sheet twist of −11.0 [ Fig. 4  (Biii) ]. This negative twist is strongly disfavored. Only true aCSDhs are equally likely to be left-or righthanded and these are largely associated with relatively flat β-sheets. In practice, the few right-handed aCSDhs in the dataset show a right-handed twist between the two Cys, with the strain due to the non-preferred handedness of the aCSDh being compensated for by adoption of unfavorable disulfide dihedral angles.
Although left-and right-handed disulfides have opposite effects on sheet twist when in HB or NHB sites, the effect of the handedness of the disulfide on the sheet shear is the same for both sites. As for aCSDns, calculations on the right-handed model compound predict a higher sheet shear (+0.80 Å) between the Cys than seen between normal HB site residues (+0.58 AE 0.25 Å) [see Fig. 4(Bi) ]. In contrast, shearing in the left-handed model acts against the natural positive sheet shear. This counteracting shear is so strong that it results in a net negative shear between the two Cys residues of −0.44 Å [Fig. 4(Ai) ]. This negative shearing means the sheet loses the additional stabilization normally acquired through the formation of weak hydrogen bonding-like interactions between the carbonyls and H α atoms (see Fig. S1 ).
Left-handed conformations do have the advantage, however, of producing a larger separation between the sulfur atoms and the carbonyl oxygens (as seen in Fig. 4i, 4ii) , thereby minimizing any potential steric interactions between these atoms. These steric interactions were proposed by Indu et al. 15 to be one of the factors disfavoring aCSDh motifs. While these interactions could add to the strain of an aCSDh, particularly one adopting a right-handed conformation, the tilting of the Cys residues in these motifs (Fig. 4ii) acts to increase the S-O distance, meaning that the contribution of these steric interactions to the instability of the motif are likely to be overshadowed by destabilization caused by sheet disruption, as described above. The disulfide conformations adopted by aCSDhs in the dataset are shown in Figures 5(A) and 5(B) . TrueaCSDhs most often adopt staple conformations, with a single cluster favoring the right-handed hook (celQ in Table I ). Five of the true-aCSDh structures in the dataset are left-handed staples, i.e., they have (χ 2 , χ 3 , χ 2 0 )( +60 , −90 , +60 ), and another two are right-handed, i.e., (χ 2 , χ 3 , χ 2 0 )~(−60 , +90 , −60 ). In order to accommodate this disulfide conformation, which normally has r(C α -C α )~4.0 Å, in the HB site of a β-ladder where r(C α -C α ) is typically~5.3 Å, the χ 3 dihedral angle is usually stretched beyond AE130
. Using quantumchemical techniques, a potential energy surface (PES) describing the changes in the strain experienced by a disulfide due to twisting around the χ 2 , χ 3 and χ 2 0 dihedral angles was calculated. 3 The PES can be used to predict the torsional strain of a disulfide using the dihedral angles from the crystal structure (http://www.sbinf. org/applications/pes.html). 4 Reference to the PES shows that while the staple region of the PES might be expected to be associated with a local minimum, steric interactions between the H α atoms (due to the short C α -C α distance) destabilize the staple conformation for most values of |χ 3 | [see Fig. S5(B) ]. For the very high |χ 3 | values seen in staple aCSDhs, however, these steric interactions are reduced and a minimum is found on the PES; nevertheless, the unfavorable values of χ 3 mean that these are still highly strained structures. Predictions of disulfide stability for the true-aCSDh structures in the dataset show very high strain both in the disulfide bond (χ 2 , χ 3 , χ 2 0 ; known as the 248 248 PROTEINSCIENCE.ORG disulfide torsional energy or DTE) and also in the in χ 1 and χ 1 0 dihedral angles (in all examples excepting one cluster). The DTE and the strain in χ 1 and χ 1 0 can be combined to give the total torsional energy (TTE) of a disulfide. For four of the 12 true-aCSDh structures, this is predicted to be over 40 kJ mol −1 .
The twist and shear experienced by true-aCSDhs in the dataset was also assessed: those in the five clusters with positive twists have relatively low twisting strain (average twist~+37 ), although one disulfide is associated with a large negative shear (PDB: 2z0l −1.0 Å). The single cluster with apparent negative twists (CBM_3, average twist~−53 ) also exhibit a large positive shear (~1.5 Å). These aCSDhs are adjacent to a β-bulge.
Most weaktrue-aCSDhs are found in the lefthanded hook region of the PES, ie. χ 3 is negative, while one of χ 2 or χ 2 0 is~+60 and the other is~+120 . This is a medium energy region of the surface, with DTEs between 5 and 10 kJ mol . Thus, although weaktrueaCSDhs are much less common than true-aCSDns, the disulfide bond itself (χ 2 , χ 3 , χ 2 0 ) is actually less strained (average DTE of 8.2 kJ mol −1 vs 12.3 kJ mol −1 for aCSDns, 11 see Table III ). It should be noted, however, that these structures experience higher strain in χ 1 and χ 1 0 than true-aCSDns, with one of these dihedral angles twisted to~35 (semi-eclipsed). Including an estimate of the χ 1 and χ 1 0 contributions to the torsional strain indicates that disulfides belonging to the weaktrueaCSDh class experience similar levels of strain to true-aCSDns (average TTEs 13.7 vs. 14.0 kJ mol −1 for true-aCSDns). In addition, while these structures do not experience significant twisting strain (an average twist of +27 ), a large negative shear is observed between the two Cys residues, on average−1.72 AE 0.17 Å. These large negative values are partially the result of the rotation of one of the Cys into an α backbone conformation (rotation of one of the N's away from the cross-strand H bonding position). This alters the residue and backbone vectors and contaminates the shear calculation. Nevertheless, superposition of the true-and weaktrue- aCSDh sub-motifs [shown in Fig. 6 (A)] reveals they experience very similar levels of shear, i.e.,~− 1.0 Å. Thus, these structures experience significant disruption of the sheet, which is not seen for true-aCSDns. If it were possible to quantify these effects, it is highly likely that weaktrue-aCSDhs, like true-aCSDhs, would also be found to be much less stable than true-aCSDns.
The lifting of the structural constraints imposed by the H bonding of true-BSD sub-motifs might be expected to allow relaxation of end-BSDs into more favorable disulfide conformations. While such relaxation is not seen for end-aCSDns, 11 almost none of the end-aCSDh structures in the dataset adopt the staple conformation seen in their true-aCSDh analogues. Instead, for end-aCSDhs relaxation occurs by several different mechanisms, resulting in disulfide structures that are scattered between different regions of conformational space (see Fig. 5 ). These different modes of relaxation are shown in Figure 6 (B) in comparison with a true-aCSDh (in blue).
In the first class of structures (shown in yellow in the figure), the N of one of the Cys is rotated away from its normal position in the β-chain, allowing twisting of χ 1 and χ 2 (or χ 1 0 and χ 2 0 ) to give a hook conformation. This is the same mode of relaxation seen in the weaktrue-aCSDh structures. Some of the disulfides that use this relaxation mode include those found in ML domains (mentioned earlier) and the disulfide connecting Cys 173 to Cys 180 in acid-sensing ion Channel 1 (PDB: 2qts). In these end-aCSDhs the Cys residues have a slightly higher relative sheet twist in comparison with their weaktrue-aCSDh analogues (+37 AE 7 vs. +27 AE 5 ), while the (contaminated) measured relative shear is marginally reduced (−1.46 AE 0.43 Å vs. −1.73 AE 0.14 Å).
In a second class of structures, it is the carbonyl of one of the Cys that twists to give a G 0 GT disulfide conformation [red in Fig. 6(B) ; see also Fig. S5 ]. This mode of relaxation is seen in the catalytic disulfide of ribonuclease reductase (RNR) and also in the end-aCSDh between Cys 36 and Cys 64 of Archaeon Aeropyrum pernix Cys synthase (PDB: 1wkv). This movement actually works against the natural twisting of the sheet, resulting in an inter-residue twist in the disulfide~below +10 (+9.5 AE 6.1 for the 7 RNR structures). (For some of these disulfides, twisting of both peptide bonds on the unbound side of the disulfide away from a H bonding conformation contaminates the calculated sheet twist. However, superposition of these structures reveals that the actual twist is similar to that of other G 0 GT endaCSDhs. This group of structures has therefore been excluded from the average twist calculation.) While this very low twist indicates that the conformation exerts twisting strain on the system, it does allow relaxation of the sheet shear. Although measurement of the shear will again be affected by the carbonyl movement (as described above for the movement of the N in true-aCSDhs), the calculations do reveal a more natural positive shear for the G 0 GT end-aCSDhs (measured average +0.90 AE 0.21 Å).
For the third class of structures [green in Fig. 6  (B) ] both the N and the carbonyl twist, resulting in a GGT conformation (see Fig. S5 ). The redox active end-aCSDh in ahpC belongs in this category, along with (in most cases) the disulfide between Cys 10 and 154 in Ganglioside M2 activator (PDB: 1pu5). In these structures the two Cys residues are no longer even approximately parallel, so calculations of relative twist and shear are often not meaningful. In general, GGT structures have similar calculated twists to the hook end-aCSDhs (+43 AE 15 ) but less negative measured shears (−0.77 AE 0.58 Å). Generally, structures in the GGT minima have χ 3 greater than −88
, structures in the hook regions have χ 3 between −88 and −100 , while in those that adopt G 0 GT conformations χ 3 is less than −100 . This is consistent with the way the PES changes with χ 3 . 4 When |χ 3 | is less than 90 the GGT conformation is more stable than the hook. Between 90 and 110 the hook is more stable, but for |χ 3 | ≥ 110 the surface begins to level out, so there is no significant difference in energy between the three regions. There does not appear to be any correlation between the endaCSDh class and the relaxation mode adopted (and hence also no correlation with the torsional strain of the disulfide).
The different relaxation modes available to end-aCSDhs result in a very wide distribution of DTEs (see Table III ). For left-handed examples, the overall average DTE is 9.8 kJ mol ). 11 This means there is minimal strain on χ 1 and χ 1 0 and 80-90% of the dihedral strain is instead accommodated in the three central dihedral angles (χ 2 , χ 3 , χ 2 0 ). In order to connect across an HB site, however, the Cys residues must instead have gauche-(positive) χ 1 conformations. Ideally both Cys would have χ 1~+ 60 , however this would place the C β -S γ bond roughly perpendicular to the chain direction and result in a displacement between the two C α atoms (a sheet shear) of~2 Å. A compromise must therefore be made between the shearing strain in the sheet and nonoptimal (somewhat eclipsed) χ 1 dihedral angles. As a result, the Cys must adopt higher energy χ 1 values in addition to the strained conformations in χ 2, χ 3 and χ 2 0 . Thus, in aCSDhs, the strain in the disulfide is more equally accommodated between χ 1 and χ 1 0 and the three central dihedral angles compared to aCSDns. Including χ 1 and χ 1 0 contributions in the calculations of the TTE raises the mean energy to 15.7 kJ mol −1 (hook 14.3 kJ mol ). Thus, the hook and GGT endaCSDhs are actually more stable than the corresponding end-aCSDns (average TTE 16.0 kJ mol
), however end-aCSDhs with a G 0 GT conformation are quite unstable and likely to be more susceptible to reduction.
Discussion
Redox activity of aCSDhs
Reviewing the literature relating to proteins containing aCSDh motifs revealed that in three of the 37 clusters, the disulfide has been identified as performing an important biochemical redox function (see Table I ), while redox activity has been ascribed to a fourth. Two of the disulfides are catalytic while redox activity of a third is associated with a conformational change. As noted above, all three of these disulfides are associated with end-aCSDh Class 2 sub-motifs. The catalytic disulfide of ribonucleotide reductase (Cys 225-462) is responsible for the reduction of ribonucleotides to deoxyribonucleotides. 18 This disulfide mostly adopts the left-handed G 0 GT conformation and, as might be expected for such a reactive disulfide, experiences very high levels of strain (average TTE 31 kJ mol ). The disulfide isomerizes spontaneously to a surface aCSDn in ribonucleotide reductase that is reset by Trx, a mechanism reminiscent of the arsenate reductase reaction cycle. 31 Another catalytic disulfide that forms an aCSDh motif which is known to be functionally important is formed between the catalytic and resolving Cys of the ahpC peroxiredoxin. Curiously, the use of both relaxation modes for the endaCSDh sub-motif (to give a left-handed GGT conformation) has resulted in a disulfide with a very low TTE (7.0 and 8.8 kJ mol −1 in the two structures in the database). We note, however, that X-ray structures of this protein are complicated by flexibility of the C-terminus that contains the resolving Cys (Cys 165). In many instances no residues beyond this Cys can be modeled.
Although an aCSDh motif cannot be identified in these cases where the relevant flanking residues are missing, the mean total strain for the Cys 165-Cys 46 interchain disulfides in these structures is~25 kJ mol
. In light of this, too great a significance should not be placed on the very low strain energies predicted for the redox active ahpC end-aCSDhs in the dataset. In contrast, the aCSDh that is formed in order to activate P1 lysozyme is intermediate in energy. In the single structure of the active form of this protein in the dataset, the disulfide adopts the left-handed hook conformation with a TTE of 13.4 kJ mol −1 , with the energy evenly split between (χ 2 , χ 3 , χ 2 0 ) and (χ 1 , χ 1 0 ). With the additional backbone strain due to the presence of the aCSDh motif, it is not unreasonable to expect that this disulfide may be involved in further redox reactions. In a fourth case, Cutf-an enzyme of copper homeostasis (PDB: 2z4i) -the disulfide is disrupted by Cu. 32 We note that although redox activity
has not yet been reported for other aCSDh clusters in the dataset, in many cases such functionality has not yet been looked for. It is extremely likely that other aCSDhs, particularly the highly strained 'true' sub-motifs, will be susceptible to reduction under physiological conditions. Aside from literature evidence, there were also a number of structures where the aCSDh was reduced in other chains or alternate structures, which might be due to the presence of reductants such as DTT in the crystal solution or radiation damage acquired during the structure solution process, particularly in highintensity X-ray sources. These are noted in the last column of Table I .
There were also some interesting patterns and trends in how the aCSDh is disposed in the overall fold. Several aCSDhs span almost their entire domain in sequence, often joining the first and last β-strands. Examples include interleukin 36 receptor antagonist (PDB: 1md6) and the previously mentioned ML domains. Other aCSDhs span only short segments of sequence straddling a β-hairpin (PDBs: 5bvw, 3fl7, 1htd, 3ngm, 4odj). Several aCSDhs were also located close to other forbidden disulfide motifs. An example in two non-homologous clusters, where one of the aCSDh Cys could alternately form a vicinal disulfide that may protect and promote dimerization under oxidizing conditions, was discussed above (see Fig. S4 ). In another example from non-homologous clusters, the two Cys of an aCSDh disulfide are located on the same strands as the Cys of an aCSDn motif, with the aCSDn Cys nested within the aCSDh Cys in sequence (PDBs: 3fl7, 4x1j) (see Fig. S7 ). We can only speculate on the mechanism of what is likely to be a compound redox switch. Reduction of some aCSDns modulates the conformation of the hairpin sequence they straddle. 1 If a ligand is engaged is this process by these proteins, reduction of the distal aCSDh may be required to release it. aCSDhs were also found in folds that were previously identified as bearing other forbidden disulfides including β-propellers and transthyretin. 1 There are two examples of aCSDhs in fusion proteins in the dataset, in the henipivirus HN (PDB: 4uf7) and in the Caenorhabditis elegans cell-cell fusion protein eff-1 (PDB: 4ojd), which is homologous to Class ii viral fusion proteins. We have previously observed that viral fusion proteins often contain multiple forbidden disulfides within a single fold 9 and eff-1 is similar. In addition to the aCSDh, eff-1 contains an aCSDn between Cys 131-187 as well as other isomerized forbidden disulfide motifs. With regard to the biological functions of the resident proteins, a number of weaktrue aCSDhs are located close to functional binding sites. These are an aCSDh in the glycine receptor, bridging the glycine binding site (PDB: 5tin), another in IL-17 receptor A near a sugar-binding site (PDB: 5n9b), a third in the lipocalin myelin-binding protein near the palmitic acid-binding site (PDB: 4a8z), a fourth near the lid of the lipases (PDB: 3ngm) and a fifth in the previously mentioned SIGLEC domains, which are Vset Ig domains that have evolved to specifically bind sialic acid. Literature on these disulfides often cites their role is fashioning the shape of the binding site. The aCSDh, which is specific to the SIGLEC Vset domains, widens the interior of the β sandwich, making it accessible for interaction with sialic acid. 33 The aCSDh in the glycine receptor straddles a β-hairpin known as the orthosteric binding site where strychnine and other ligands are bound. 34 Given the known redox activity of aCSDhs and their co-location with binding sites, it seems likely that redox-activity has a role in the binding or release of ligands in these proteins. This notion is supported by the aCSDh in the ML domains, where the domain has evolved from a simple cholesterol-binding carrier molecule to a molecule of the immune system that, in its lipopolysaccharidebound state, engages a Toll receptor. In both ants and dust mites, it is a carrier molecule of a chemo-sensing system. Accommodation of the different ligands has been achieved by evolutionary remodeling of several elements of secondary structure. Despite the changes to the fold, the aCSDh near the ligand-binding site has been conserved, suggesting it is crucial to this function. The aCSDh in dust mite allergen (Table I , Cys 8-119), as well as a second disulfide between Cys 73-78, are critical to the IgE-binding capacity of Der f 2 in sera of several mite-allergic patients. 35 Some proteins with functions previously associated with forbidden disulfides were also represented in the aCSDh dataset, 1,9 specifically molecules of the immune system as well as proteins from pathogens. One aCSDh is in a viral HN that gains cell entry through recognition of the human ephrinB2 receptor while another is in a DNA processivity factor, BMRF1. With regard to the immune system, multiple molecules containing aCSDhs were found in proteins of both the innate and adaptive immune systems. The ubiquitous Ig/FIII fold also featured repeatedly among the folds in the dataset: Ig-like folds represented included the modified Vset of the SIGLECs, the modified Eset of the ML domains as well as the Fibronectin type III domains of CD45 and IL17RA. These folds are often employed in tandem as spacers in their resident proteins. The innate immune system is represented by the ML domains, which respond to foreign lipopolysaccharides in vertebrates, and IL Family 5. Perhaps unsurprisingly, the aCSDhs are frequently found in modified versions of the Ig fold that are associated with the "business end" of the molecule, suggesting the aCSDh is crucial to an evolved function. Canonical Ig domains contain an inter-sheet disulfide between Cys residues on strands B and F. In the SIGLECs there is instead an intra-sheet aCSDh between Cys 22 and 79, located on the B and E strands of the ABED sheet. The standard Ig Cys residue on the F strand is replaced by Phe-96, which packs against the aCSDh. The conversion of the standard intersheet disulfide in the Ig domain of the SIGLECs into a forbidden disulfide is somewhat reminiscent of CD4 where the canonical Ig intersheet disulfide has been modified to form an aCSDn between strands C and F. 36 This disulfide has been demonstrated to be reduced during the process of T-cell signaling, and its reduction is also co-opted during entry of the HIV viral envelope glycoprotein (gp120) into the cell. 36 Finally, some proteins in the dataset contained more than one aCSDh located in different parts of the protein. The dual aCSDhs in the angiotensin-converting enzyme (ACE) have likely arisen by gene duplication. Nonetheless, it is important to note that despite sequence divergence of the N-and C-domains, the aCSDh has been retained, supporting its functional importance. The dual aCSDhs in tandem FIII domains of the extracellular portion of receptor-type tyrosineprotein phosphatase C (PTPRC, CD45), a cell surface receptor required for T-cell activation, are not so easily explained. They are not located in homologous positions of the fold. The more N-terminal aCSDh (PDB: 5fmv Cys 309-320) straddles strands A and B of the FIII domain whereas the aCSDh in the more C-terminal FIII domain (Cys 503-535) is between strands B and E. Nor are the specific locations of the two B strand Cys homologous: they are out of register in the two domains and at opposite ends of the B strand. Thus, the aCSDhs in these two tandem FIII domains appear to have evolved completely independently, which is intriguing. Previously, in noting the reuse of certain folds for redox-active functions, we speculated it may be related to the redox-responsive promoters being retained during gene duplication. While this might be the case for the duplicated promoter in ACE, it cannot explain the dual aCSDhs in PTPRC. The reuse of the very same type of forbidden disulfide in a non-homologous position in the fold suggests some positive evolutionary pressure on the protein to include aCSDhs specifically. This would be the case if reduction of both aCSDh disulfides is affected by the same protein reductant.
Previously we postulated that aCSDns may be cognate substrates of the redox homeostasis protein Trx, which would account for their prevalence in protein structures. 1, 11 In general, the low abundance of aCSDhs in the PDB argues against a common reductant like Trx. Indeed, some aCSDhs have such high torsional energies that they are instead reduced spontaneously in their resident proteins by internal isomerization and other mechanisms. However, another interesting feature of many of the proteins containing aCSDhs in the dataset is that they cycle through endosomes. Thus many of these disulfides may rely on a change in solvent milieu, rather than a cognate ligand, to reduce the disulfide. For example, the carrier proteins that cycle through endosomes may release their cargo upon reduction of the disulfide.
Conclusion
Like aCSDns, the two Cys of an aCSDh motif are found as cross-strand partners in antiparallel β-sheet but differ, in that the two Cys residues of the disulfide occupy an HB site and are additionally linked by one or two backbone hydrogen bonds. This places significant strain on the β-sheet, with the two β-chains tilting toward each other in order to allow the Cys C α atoms into close enough proximity for the disulfide bond to form. These high levels of strain mean that either the disulfide or the hydrogen bonds that form the aCSDh motif (or both) are highly susceptible to cleavage. Here, we investigated the populations, embeddedness, disulfide conformations and torsional strain of this class of BSDs. aCSDhs in HB sites of antiparallel β-sheet are far less common than their aCSDn analogues in NHB sites of protein β-sheets. They are represented by 240 protein structures in 37 unique clusters in comparison to 20564 aCSDn structures in over 252 different clusters. Unlike aCSDns, end-aCSDhs are far more common than those with "true" levels of LonE. A mid-sheet LatE context appears necessary to stabilise a true-aCSDh sub-motif, with the additional β-chains flanking the β-ladder containing the true-aCSDh helping to constrain the two Cys residues to the β region of the Ramachandran plot. When these extra strands are not present, either or both of the Cys tend to twist away from β-conformation, breaking one of the hydrogen bonds between the Cys and often leading to end-aCSDh sub-motifs. This allows relaxation of the highly strained conformations seen for true-aCSDhs to lower energy hook, GGT or G 0 GT disulfides. Ab initio quantum chemical calculations give important insights into the interactions between aCSDh motifs and the protein backbone. Left-handed aCSDh conformations produce a positive (righthanded) twist between the two Cys residues while right-handed aCSDhs have a strongly disfavored left-handed twist. As β-sheets have an inherent right-handed twist, only left-handed aCSDhs can be incorporated into proteins without additional strain. There is a complication, however, as left-handed aCSDh conformations also produce large negative shears between the two Cys residues. This means that aCSDhs experience high levels of shearing strain, which further destabilizes the motifs.
As for other forbidden disulfides, aCSDhs have been shown to be involved in several reactive processes. The most important example involves the end-aCSDh connecting Cys 225 to Cys 462 of ribonucleotide reductase. This highly strained disulfide (average TTE of 29 kJ mol ) is responsible for the reduction of ribonucleotides to deoxyribonucleotides and is therefore essential for the biosynthesis of DNA. The generally higher torsional strains associated with aCSDhs likely make them less stable then aCSDns and more easily reduced. Unlike aCSDns, which are known to undergo assisted reduction by Trx-like thiol oxidoreductases, the higher energies of aCSDhs may allow them to be reduced without the assistance of a thiol oxidoreductase. In the case of ribonucleotide reductase, ahpC and P1 lysozyme, internal isomerization with another thiol may affect this process. For other instances, changes in the redox milieu may be sufficient. As a large number of the proteins containing aCSDhs in the dataset are known to cycle through endosomes, this trafficking may be sufficient to reduce the disulfide. In several instances the aCSDh is near a ligand-binding site, suggesting that reduction of the disulfide may allow release of the ligand.
Methods
Construction of reference database and nonredundant dataset
The construction of the reference dataset of disulfide bonds from the PDB and the clustering of homologous disulfides in BSD motifs to form a non-redundant dataset has been described in detail elsewhere. 10 In brief, the dataset contains details of all disulfide bonds in X-ray crystal structures with resolutions of 3 Å or better from a PDB snapshot of June 8 2018, comprising 140, 547 structures. Custom programs were developed to identify BSD motifs within this dataset and to incorporate information on secondary structure motifs from the SCOP database. 37 The torsional strain on the disulfide bond, as well as the twist and shear between the Cys residues were also predicted, as described below. Properties of the disulfides, such as their SCOP family, Cys residue numbers and inter-residue distance were used to cluster homologous disulfides together to give a non-redundant set.
Structures not assigned to a SCOP family were grouped with the appropriate cluster using the protein structure comparison service "Fold at European Bioinformatics Institute" (http://www.ebi.ac.uk/msd-srv/ssm) 38 and the 3D Similarity function from the RCSB PDB website (based on the jFATCAT-rigid algorithm), 39 as well as fold data from the InterPro 40 and Pfam 41 databases.
Swiss-PDBViewer 42 was used to superimpose and view structures to quality check the clustering process.
Ab initio calculations
Estimation of torsional strain in disulfide bonds. The relative stabilities of disulfide bonds were interpolated from a potential energy surface (PES) for torsion around χ 2 , χ 3 and χ 2 0 (10 resolution).
The PES was calculated using the model compound diethyl disulfide at the M05-2X 43 /6-31G(d) 44 level of computational theory with complete geometry optimizations for each data point. Zero-point energies were not included as these are too computationally expensive to calculate. All energies are quoted relative to the lowest energy minimum on the PES, which corresponds to disulfides adopting the spiral conformation. Linear interpolation of the points on the PES was used to predict the torsional strain in χ 2 , χ 3 , and χ 2 0 experienced by each disulfide structure in the PDB. Throughout the analysis this is referred to as the disulfide torsional energy (DTE). The effects of strain in χ 1 and χ 1 0 were estimated with empirical terms from the Amber force field. 45 The sum of the disulfide strain/energy and the χ 1 , χ 1 0 strain is referred to as the total torsional energy (TTE).
Disulfide conformations. The χ 2 and χ 2 0 dihedral angles (the disulfide conformations) adopted by lefthanded and right-handed aCSDhs have been plotted separately in Figure 5 (A) and (B). The axes are reversed for left-handed disulfides so that the same conformations appear in the same regions of the plots.
Investigations of aCSDh handedness preferences. aCSDh motifs demonstrate a strong preference for left-handed disulfide conformations. In order to investigate the reasons for this preference, M05-2X/6-31G(d) calculations were performed on model compounds for the protein disulfide bond. This model was designed to include all atoms of the Cys residues plus the carbonyl and C α of the previous residue, and the N and C α of the subsequent residue in each protein chain, i.e., the peptide linkages before and after each Cys. The C α atoms of these additional residues were substituted by methyl groups to terminate the chains. This model allowed one hydrogen bond to be formed on each side of the disulfide, giving a reasonable smallscale model of a CSD (Fig. 3) . This model compound was fully optimized for both left-and right-handed disulfide conformations. All computational chemistry calculations were performed using the Gaussian03 suite of programs 46 on the AC and XE clusters at the NCI National Facility.
Sheet twist and shear
Insertion of a BSD into a β-sheet or chain often results in distortion of the surrounding β structure. In order to obtain a measure of this distortion, the relative twist and shear between β-partners in the region of the disulfide was calculated. Following the method of Ho and Curmi, 20 each residue was described by a vector (the residue backbone vector) connecting the midpoints of its two peptide bonds (see Fig. S4 ). A chain backbone vector could thus be defined as the difference (in the case of antiparallel sheet) or sum (for parallel sheet) of the two residue vectors. The relative shear of the two β-partners was calculated by projecting the positions of the C α atoms of each residue onto the chain backbone vector and finding the distance between these projected points. For the purposes of this work, it was necessary to modify the method of Ho and Curmi for determining the relative twist between two β-partners: instead of using the angle between the two residue backbone vectors, we used the dihedral angle between them, with the vector connecting the midpoints of the residue backbone vectors being the axis of the dihedral angle. Ho and Curmi were interested in residue pairs within a β-sheet for which the two methods should give comparable results; we were additionally interested in obtaining a measure of the twist between residues at the end of β ladders, where the two chains may begin to diverge. The use of the dihedral angle reduces the influence of this divergence on the calculated twist.
